Abstract: This work is a review of previous works, presenting and discussing the most important results obtained by an ongoing research program towards the development of innovative, low-cost, self-lubricating composites with a low friction coefficient and high mechanical strength and wear resistance. Special emphasis is given to uniaxial die pressing of solid lubricant particles mixed with matrix powders and to metal injection moulding associated with in situ generation of solid lubricant particles. Initially, a microstructural model/ processing route (powder injection moulding followed by plasma-assisted debinding and sintering) produced a homogeneous dispersion of in situ generated solid lubricant particles. Micrometric nodules of graphite with diameter smaller than 20 μm were formed, constituting a nanostructured stacking of graphite foils with nanometric thickness. Micro Raman analysis indicated that the graphite nodules were composed of turbostratic 2D graphite having highly misaligned graphene planes separated by large interlamellae distance. Large interplanar distance between the graphene foils and misalignment of these foils were confirmed by transmission electron microscopy and were, probably, the origin of the outstandingly low dry friction coefficient (0.04). The effect of sintering temperature, precursor content, metallic matrix composition and surface finish is also reported. Furthermore, the influence of a double-pressing/double-sintering (DPDS) technique on the tribological performance of self-lubricating uniaxially die-pressed hBN + graphite-Fe-Si-C-Mo composite is also investigated. Moreover, the tribological behaviour of die-pressed Fe-Si-C matrix composites containing 5, 7.5 and 10 wt% solid lubricants (hBN and graphite) added during the mixing step is analysed in terms of mechanical properties and wear mechanisms. Finally, the synergy between solid lubricant particles dispersed in a metallic matrix and fluid lubricants in a cooperative mixed lubrication regime is presented.
Introduction
Materials developed for friction and wear mitigation are commonly known as tribomaterials. These materials must primarily have mechanical and physical properties such as strength, stiffness, fatigue life, thermal expansion, and damping, in addition to the tribological properties [1] . However, the imperative need for miniaturized, more energy-efficient mechanical systems has imposed more severe tribological contacts, increasing the operational failure for conventional designs [2] . As a consequence, the tribology of critical contacts and new contact materials is the subject of extensive research [3−5] . Moreover, these interfaces must be resistant to even more severe operating conditions owing to the tendency of using smaller clearances and increased speeds to achieve higher efficiency [6] . Moreover, the state of lubrication in many components is unknown and these components typically operate in the boundary and mixed lubrication regimes [7] .
Hence, researchers are constantly exploring new materials and developing novel coatings. As a result, great strides have been achieved in recent years in the fabrication and diverse utilization of new tribomaterials and coatings that are capable of satisfying the multifunctional needs of more advanced mechanical systems [8] .
In most common tribological applications, oils or greases are efficiently used to reduce friction and wear [9] . However, when service conditions become very severe (very high or very low temperatures, vacuum, radiation, extreme contact pressures or in very clean conditions such as foods and pharmaceuticals), oils and greases may decompose, oxidize, solidify, evaporate, or act as contaminants. In such cases, solid lubrication may be the only feasible choice for controlling friction and wear [6, 10−18] . A combination of solid and liquid lubrication is another possibility where positive synergistic effects on friction and wear may occur, particularly under mixed lubrication conditions [9] .
Several inorganic materials (e.g., transition metals, graphite, hexagonal boron nitride, boric acid, etc.) can provide solid lubrication [12, 19−21] . Most of these materials, such as MoS 2 , WS 2 , MoSe 2 , graphite, and hexagonal boron nitride [18, 22−25] , have a lamellar crystal structure, which is responsible for their lubricious properties. However, other materials can also exhibit good lubricity despite not having a layered structure, including soft metals, polytetrafluoroethylene (PTFE), polyimide, certain oxides and rare-earth fluorides, diamond and diamond-like carbons (DLC), and fullerenes [12, 20, 21] .
Possible methods for applying solid lubricants include sprinkling, rubbing, burnishing, aerosol carrier, and bonding to a surface using adhesives; however, they have been progressively substituted by advanced vacuum deposition processes. However, in all those methods, a finite film thickness limits the lubricious effect. Some self-replenishment mechanism is necessary to ensure a long-lasting lubricious effect of a solid lubricant; however, this is very challenging to achieve [10] .
In addition, nanoparticles of solid lubricants (nitrates [26, 27] ; fullerene-like dichalcogenides [28−30] ; metallic oxides such as CuO, ZnO, ZrO 2 , and TiO [31, 32] ; titanium borate [33] ; carbon nanotubes [34] ; and graphene [35] are currently used as additives to liquid lubricants and greases to improve lubrication. However, incorporating nanoparticles into fluids and achieving good dispersion are not an easy task as the nanoparticles tend to agglomerate. To avoid such problems, some studies have shown that surface functionalization is necessary [36] [37] [38] .
The production of self-lubricating composites appears to be a very encouraging solution [22, 23] . Indeed, metallic matrix self-lubricating composites have been largely used in the industry to reduce wear and friction [10] . They contain a large amount of solid lubricant particles, around 15% to 40%, which span from compounds such as MoS 2 , WS 2 , MoSe 2 , NbS 2 , TaSe 2 , hBN, and MoT e2 to low-melting metals such as Pb, Sn, Ag, and graphite to polymers such as PTFE [22−25] .
There are many manufacturing routes for producing such composites, in polymeric, metallic, or even ceramic matrices [39−41] . For particle-reinforced metallic matrix composites, the synthesis methods are generally classified into vapour deposition techniques [42] , solid state processing, and liquid state processing. Copper [43] , nickel [44] , and ferrous alloys [45, 46] are the materials most frequently used as metallic matrices. Iron-based materials contain iron as a prime constituent and play a significant role in engineering applications owing to their low cost, ease of manufacture, high strength, toughness, ductility, and availability [1] .
Powder metallurgy (PM) techniques are especially suitable for the production of such composites. PM offers low cost for large-volume production, is very versatile for producing near-net-shape components, and results in tight dimensional tolerances. Therefore, it is highly competitive and attractive in the industry. In addition, PM exhibits great suitability for tailoring the microstructure according to the property and performance requirements of a given application. In recent years, the production of iron-based sintered tribomaterials has considerably increased at the expense of copper-based tribomaterials, owing to the lower cost and larger availability of iron powders, as well as their higher strength [47] . In the last decade, highperformance sintered iron-based self-lubricating composites were developed [1, 15, 16, 48−53] as a promising solution for combining a low friction coefficient with improved mechanical and wear resistance.
Sintered components have high porosity, which reduces the mechanical strength and load-bearing capacity when compared with fully dense materials [54, 55] , but have the potential to store lubricants that can be released during use [56, 57] . In addition, trapping of wear debris from sliding interfaces may be another important task achieved by the pores [58] ; however, the behaviour depends on the imposed tribological system. It has been observed that pores can be beneficial in some systems and detrimental in others [59, 60] .
In this context, the production of self-lubricating composites containing small amounts of solid lubricants incorporated into a continuous matrix and having a low friction coefficient combined with high mechanical strength and wear resistance appears to be a promising solution for controlling friction and wear in modern systems and points to an engineered microstructure. In this sense, we have recently proposed [14] a new microstructural model/processing route that can produce a homogeneous dispersion of in situ generated, discrete, solid lubricant particles in the volume of sintered composites. The high mechanical and tribological performances of the composites are a result of the combination of matrix mechanical properties [45] and structural parameters, such as the degree of continuity of the metallic matrix, the nature, the amount [61] , and the lubricant particle size and distribution [62−64] and shape, which determine the mean free path between solid lubricant particles and the active area covered by each lubricant particle. Moreover, the success of self-lubricating composites depends on the capability of the solid lubricant particles to emerge from their embedded state in the matrix and spread evenly throughout [65] [66] [67] , thus forming a protective tribofilm [68] , which ensures a continuous self-replenishment mechanism for solid lubricant supply [22, 23] .
Roughly, powder metallurgy technologies involve all or most of the following process steps: (i) mixing of powders to create a feedstock, (ii) forming (compaction of the feedstock), (iii) sintering, and (iv) secondary operations.
Several processing parameters must be strictly controlled such as the temperature and time of sintering, compression method, techniques for the dispersion of the solid lubricant particles in the volume of the composite, etc. Sintering is the most important step in the production of the composite. The variables in sintering are the atmosphere, heating rate, temperature, dwelling time, and cooling rate. The sintering temperature should be lower than the decomposition temperature of the solid lubricant. Reactions among the matrix, alloying elements, and solid lubricant, which result in loss of solid lubricant, should also be avoided. Several techniques of compaction, such as uniaxial die pressing, extruding, rolling, 3D prototyping, isostatic pressing, cold isostatic pressing, hot isostatic pressing, split die compaction, and powder injection moulding, have to be considered, depending on the geometry and properties desired for the composite material. For the production of self-lubricating composites, the most relevant techniques are uniaxial die pressing and powder injection moulding techniques (Fig. 1) .
The dominant compaction technology in terms of both tonnage quantities and number of parts produced is die pressing. Secondary operations such as machining are virtually eliminated owing to the very close tolerances of the finished parts [69] . However, depending on the configuration (single or double action), this technique yields gradients of porosity that may eventually be very high [70−72] . Typically, the production cycle comprises the following: (i) mixing of the powders (base material, alloying elements, and lubricant) to form the feedstock; (ii) filling of a die cavity with the feedstock; (iii) compaction of the powder within the die with punches to form the compact; and (iv) sintering.
Our group recently introduced [14] the use of the double-pressing/double-sintering (DPDS) technique [73] originally developed by Hoeganaes Corporation [74] as a potential option for improving the mechanical strength of self-lubricating sintered composites. The goal of this method is to increase the density of composites by two-fold pressing.
Roughly speaking, in the metal injection moulding (MIM) process, metal powders and, eventually, precursors are pre-mixed with polymeric binders. The mixture is heated and forced under pressure into a die cavity (in a manner identical to the process used for injection moulded plastic parts) and then ejected after cooling. A subsequent debinding stage removes the polymer, and the final sintering ensures the component's required density (Fig. 1) .
The debinding stage, during which the polymeric binder is removed, can greatly influence the mechanical properties of the sintered component. In our case, two steps are used for the debinding process. After the chemical debinding, subsequent plasma-assisted thermal debinding is applied. Thermal debinding, as well as sintering, is performed in a single thermal cycle (plasma-assisted debinding and sintering (PADS)) [75] . The plasma reactor, developed in Ref. [76] , was specially designed for the PADS process and described in Refs. [75−77] . It allows the control of the processing temperatures and heating rates independently of the plasma parameters.
As already pointed out, the ideal microstructure of a self-lubricating composite should consist of solid lubricant particles regularly dispersed in a continuous matrix. Unfortunately, such an ideal distribution of the solid lubricant particles is not obtained simply by blending metallic and solid lubricant powders. To produce a self-lubricating sintered composite, there are basically two ways of dispersing the solid lubricant particles in the volume of the metal matrix [78, 79] :
i. mixing the solid lubricant particles with matrix powders;
ii. in situ generation of the solid lubricant particles during sintering by dissociation of a precursor.
In the first method, where the composite is obtained by mixing the metallic matrix powders with the solid lubricant particles, the shear stresses that occur during mixing and compacting spread the solid lubricant by shearing between the powder particles of the metal matrix. This leads to an undesirable arrangement in which the solid lubricant covers the metallic particles to a large extent [80] . The presence of these layers of insoluble solid lubricant hampers the formation of contacts between the particles during sintering. This results in a metallic matrix with a high degree of discontinuity ( Fig. 2(a) ) and leads to a composite material with reduced mechanical strength.
There are two possibilities to overcome these difficulties. The first one is to rearrange the solid lubricant phase in discrete agglomerates by the capillary action of a liquid phase. The second one is to produce the solid lubricant phase in situ during sintering by decomposition or dissociation of a precursor, giving rise to a more continuous and sound matrix (Fig. 2(b) ).
Therefore, this work is a synthesis of previous works reporting the development of new, low-cost, self-lubricating composites combining a low friction coefficient with high mechanical strength and wear resistance, which are produced by both uniaxial die pressing of solid lubricant particles mixed with matrix powders and metal injection moulding associated with the in situ generation of solid lubricant particles.
Materials and methods

Metal injection moulding
As well described in previous works [2, 15, 48, 82] , carbonyl iron powder was mixed with the elemental powder of the alloying elements to produce iron-based composites. Varying amounts of SiC powder (1, 2, 3, 4, and 5 wt% SiC) were also added. The feedstock for injection was prepared in a Haake Sigma mixer (180 °C , 70 rpm, 90 min) using 8 wt% of an organic binder system containing paraffin wax, polypropylene, stearic acid (surfactant), ethylene vinyl acetate copolymer (EVA), and amide wax. The specimens were injected (injection pressure = 100 MPa, temperature = 180 °C ) using an Arbourg 320S injection moulding machine. The debinding was performed in two steps: a chemical debinding followed by plasma-assisted thermal debinding. A single thermal cycle was employed for both the thermal debinding and the sintering, using a so-called PADS process [75−77] . The isothermal sintering was processed at 1,100 °C , 1,150 °C , and 1,200 °C for 60 min.
To evaluate the influence of the matrix on the tribological behaviour, we also produced three different compositions of a 3% SiC composite (Fe-Si-C, Fe-Si-C-Ni, and Fe-Si-C-Ni-Mo). Polishing of the specimens was performed manually with a 1200-, 2400-, and 4000-grit sandpaper for 10 min and 150 rpm in a polishing machine with automatic control of the time and rotation.
Die pressing
To evaluate the synergy between the different particles of the solid lubricant, we used the conventional route of powder metallurgy. Mixtures were produced using iron as the main constituent of the matrix composite, silicon as an alloying element for stabilization of the iron alpha phase and as a hardener of the matrix, and graphite and hexagonal boron nitride as solid lubricants. The total content of the solid lubricant (5, 7.5, and 10 vol%) as well as the h-BN amount (1, 1.75 and 2.5 vol%) and graphite content was varied. The powders were homogenized in a Y-type mixer before being uniaxially pressed at 600 MPa inside a floating die using a double-action press. After the compaction, the specimens were sintered in a hybrid plasma reactor.
To study the effect of double pressing/double sintering, we added 2.5 wt% graphite + 5.0 wt% hexagonal boron nitride (h-BN) to a ferrous matrix based on a Fe-1.5Mo-1.0Si-0.8C alloy and then compacted and sintered them. As to the compaction step, three alternatives were applied: The first two routes used single-pressing/single-sintering standard die pressing, whereas the third used double pressing/ double sintering [14] . The specimens produced by single pressing/single sintering were compacted at 500 and 700 MPa, respectively, and then sintered in a hybrid plasma reactor. The specimens produced by double pressing/double sintering were initially pressed at 500 MPa and then pre-sintered at 700 °C for 30 min. After they were cooled to room temperature, a higher pressure (700 MPa) was used in a secondary pressing step. Finally, the specimens were sintered at high temperature under conditions identical to those used for the single-pressed specimens.
Again, the processing routes are well described in previous works [14, 83] .
To study the effect of solid lubrication combined with a liquid lubricant in a cooperative lubrication regime, we produced sintered composites that contain particles of the solid lubricant dispersed in a metallic matrix. The processing route is detailed in a recent publication [9] , and Table 1 presents the material nominal composition.
Tribological evaluation
In all cases, the mechanical properties were evaluated by micro-hardness and tensile tests (MPIF standard 10) [84] , whereas the tribological behaviour was evaluated using two experimental routes ( Fig. 3) : a. Reciprocating sliding tests were carried out at a constant normal load to obtain the friction coefficients and wear rates of the specimens and counter-bodies. b. Incremental loading was used in reciprocating the sliding tests at regular increments of 7 N every 10 min to assess the scuffing resistance, defined as the work (N·m) until the friction coefficient first achieved values higher than 0.20, meaning the loss of the lubricity effect [85] . All tests were conducted under a constant stroke (5 mm), frequency (2 Hz), relative humidity (50%) and temperature (22 ± 4 °C ). In all the experimental routes, a hard steel AISI 52100 ball (diameter 5 or 10 mm) fixed to a pivoted arm rested against the specimen surface.
For the lubricated tests, 3D triboscopic maps [86] allowed a better visualization of the evolution of the friction coefficient (axis z) with the position of the counter-body within each cycle (axis x, measured by an additional linear variable differential transformer sensor) and with the total number of cycles (axis y). This required the adaptation of a high-frequency acquisition system to the tribometer. A specially developed LabView ® interface was used to produce the 3D maps. The use of triboscopy can help to identify localized events as well as a global evolution, and the technique is well described in Ref. [87] .
The tests, detailed in a recent paper [9] , were conducted under controlled relative humidity (50%) and temperature (22 ± 4 °C ) under dry and lubricated (ISO 5 alkylbenzene linear oil + 2% ± 0.5% BTP) configurations. Wear scars and microstructures were studied using scanning electron microscopy with energy dispersive X-ray (SEM-EDX), transmission electron microscopy (TEM), X-ray diffraction, field emission gun scanning electron microscopy, micro Raman spectroscopy, Auger electron spectroscopy, and white light and laser interferometry. The near-surface porosity was evaluated from transversal sections at 150 μm below the surface using 50 images for each specimen and the software Analysis 
Results and discussion
Metal injection moulding
The reference alloy presented a microstructure constituted of pearlite (P) and ferrite whereas the addition of SiC to the feedstock powder induced the formation of graphite nodules. Ferrite rings indicated by  surround the graphite nodules, indicated by G (Fig. 4(a) ).
Thermodynamics can, in fact, predict the formation of this microstructure [68] . The parameters influencing the microstructural evolution are the amount of SiC and the sintering temperature and time [81] . This is well described in a recent paper [68] . Roughly, at the initial stage of the dissociation of the SiC particles, silicon and carbon atoms diffuse into the ferrous matrix. However, the continuous Si enrichment of the ferrous matrix leads to the stabilization of the body-centred cubic structure of the ferrous matrix (ferrite) and yields very low carbon solubility and, thus, drastically reduces the dissolution of carbon. The dissolution of silicon, in contrast, is maintained. As a consequence, ferrite rings are formed around the former SiC particles. The remaining carbon forms graphite nodules (size ≤20 μm). The detail shown in Fig. 4(b) evidences, from a cryogenically fractured surface, that the nodules are nanostructured, composed of stacking of graphite layers with a few tenths of nanometres thick.
The influence of the precursor content and of the sintering temperature on the steady-state friction coefficient under a constant normal load is synthesized in Fig. 5 .
The average friction coefficient decreased as the precursor content (and, as a consequence, the number of graphite nodules) increased, independently of the sintering temperature. In general, the reduction was substantial (up to 3% SiC). For values greater than 3% SiC, the friction coefficient was almost constant.
Moreover, the sintering temperature hardly affected the friction coefficients. All composites showed considerably lower friction coefficients than the matrix alloys (graphite-free alloys). In previous papers [2, 15] , we concluded that there was, unquestionably, no correlation between the friction coefficient and the mechanical properties of the composites. The outstanding tribological behaviour of these newly developed sintered composites was traced back to the occurrence of a so-called turbostratic 2D graphite, which, according to the literature, has highly misoriented graphene planes. Additionally, the interlamellae distances in 2D turbostratic graphite are much longer than those in highly oriented 3D graphite.
We supposed that graphite foils were removed from the in situ generated graphite nodules and remained at the interface [2] . If the reservoirs remain active (open), there will be a continuous self-replenishment of solid lubricants to the contact area and, as a consequence, the maintenance of a protective tribolayer. The small size of the powders in MIM processes makes the mean free path among graphite nodules also small. This ensures an easy "coverage" with the solid lubricant of the surface between the nodules.
To make this point clear, we tested other types of graphite under the same imposed tribological parameter; they were graphite nodules in a nodular cast iron, and the contact was flooded in graphite powder. The graphite-free alloy (0.6 wt% C steel) was also tested as a reference. Figure 6 shows the average friction coefficients (steady state) of the different materials.
The sintered steel had the highest friction coefficient. The presence of graphite (nodules in a nodular cast iron and graphite in powder) induced a strong reduction in the friction coefficient. Further reduction in the friction coefficient was observed when 3% SiC was . Graphite associated with graphite powders and nodular cast iron is characterised as a 3D graphite and is highly aligned according to the literature [48] . The spectrum of the graphite nodules produced by the SiC decomposition clearly showed a D and a D′ band (associated with crystallinity disorder). The analysis of the spectra [15, 48, 68] showed strong evidence of the presence of turbostratic 2D graphite, including widening of the bands, the ID/IG ratio, the size of the graphite crystallites and the shape of the second-order G′ band. The large interplanar distances (≥3.499 Å vs. 3.354 Å for the highly aligned 3D graphite) between the graphene foils and the misorientation of these foils were confirmed by TEM, as illustrated in Fig. 7 .
The interaction between the graphene planes was strongly reduced by the large spaces between them, resulting in low shear strength. Thus, it is reasonable to suppose that, during reciprocating sliding, the graphite planes easily sheared, maintaining the contact interface highly lubricated.
On the other hand, scuffing resistance was clearly affected by the sintering temperature (Fig. 8) . Signifi- cantly higher scuffing resistance (5×) was produced by low sintering temperatures. To advance this point, we used SEM to analyze cryogenically fractured samples sintered at 1,100 °C [2] . The analysis showed the presence of partially dissociated SiC particles within the graphite nodules (insert in Fig. 8) . They probably induced a greater load-bearing capacity and the protection of the matrix/tribolayer, increasing the scuffing resistance [2] .
The addition of alloying elements to the composites produced different matrices. As already reported, the addition of SiC to the feedstock powder created graphite nodules in all three microstructures, whereas the metallic matrix varied from ferrite to martensite. Si-stabilized ferrite, with a very small fraction of pearlite, was predominant for the reference alloy (Fe + 0.6% C). The addition of nickel did not substantially change the microstructural constituents, whereas for the Ni + Mo containing alloy the metallurgical constituents changed from ferrite/pearlite to martensite [15] .
The influence of metallic matrix on the steady-state friction coefficient is synthesized in Fig. 9 . The reference alloy, Fe-C, had the highest mean friction coefficient (0.11). The addition of alloying elements considerably reduced the friction coefficient values (45% reduction for the Ni alloys) to as low as 0.04 (65% reduction) for the Fe-C-Ni-Mo steels [15] .
The wear rates of the specimens and counter-bodies are summarized in Fig. 10 . Besides presenting a different general appearance, the wear scars presented different widths. Inside the wear scars, there was clear evidence of abrasive wear, shown by the presence Fig. 8 Effect of SiC content and sintering temperature on the scuffing resistance. Incremental loading mode (increments of 7 N every 10 min) [2] . of multiple parallel scratches [15] . The intensity and number of scratches varied according to the material. The wear loss of the counter-bodies exhibited the same behaviour.
Composites containing alloying elements had the lowest wear rates. The reductions in the friction coefficient and the wear of the tribological pair could be associated with the tribofilm transfer effects from the self-lubricating composite to the counter-body and vice-versa. The existence of the protective tribolayer continually avoided metal-to-metal contact and was associated with the resistance of the metallic matrix to plastic deformation and, consequently, to the sealing of lubricant reservoirs [15] .
Figures 11(a) and 11(b) presents the dominant Raman On the other hand, the position in the wear scar affected the spectra found in the wear scar of the reference alloy. Close to the edges of the wear marks, spectra similar to those found in the previous case were measured, whereas those found in the centre of the scar were, to some extent, different (Figs. 11(c)  and 11(d) ). Aside from exhibiting lower intensities of the 2D graphite characteristic bands and a certain amount of fluorescence, the spectra also showed other smaller bands at lower frequencies. The origin of these bands was attributed to the formation of iron oxide by tribochemical reaction caused by the surrounding atmosphere. High friction coefficients provide a large amount of energy to induce tribochemical reactions. Very likely, iron oxides should induce inferior tribological performance [15] . Figure 12 shows how the surface finish affects the evolution of the friction coefficient during the test duration.
There was a pronounced transient associated with the onset of contact between the specimen and the counter-body at the beginning of the tests before a steady state was reached. The reasons for the difference in the evolution of the friction coefficient within the transient period are not yet well understood and will not be treated in the present paper. The values of the friction coefficient for each test were computed by averaging the steady-state values. The results are summarized in Fig. 13 . The friction coefficient was strongly influenced by the surface finish. Polished specimens exhibited significantly higher friction coefficients (μ 0.4), suggesting that the 2D turbostratic graphite nodules did not actively participate in the tribolayer formation. In fact, multi-elemental X-ray maps obtained by energy dispersive X-ray spectroscopy (EDS) clearly showed a large decrease in the amount of graphite nodules for the polished surface [82] . It can be concluded that, besides significantly reducing the surface roughness, polishing also affected the availability of solid lubricant reservoirs in the active sliding interface.
In addition, the friction coefficient decreased when the amount of precursor (SiC) increased for both surface finishing routes. The reference specimen (0% SiC) had a mean friction coefficient significantly higher than those of the samples containing 3% and 5% SiC.
Die pressing
Although compaction pressure had almost no influence on the microstructure of the specimens produced with the purpose of investigating the double-pressing/ double-sintering (DPDS) processing route (all specimens exhibited a homogeneous dispersion of two different types of solid lubricant: graphite and hBN reservoirs), it strongly influenced their mechanical properties. A small increase (20%) in the ultimate tensile strength occurred owing to an increase in compaction pressure from 500 to 700 MPa, whereas double pressing/double sintering significantly improved the mechanical strength (50%−80%) [14] .
Conversely, the effect of the production route on the friction coefficient and wear rate of both the specimens and the counter-bodies was marginal under a constant load tribological test configuration. For the singlepressing/single-sintering tests, there was a high level of dispersion of the results, which was significantly reduced when double-pressed/double-sintered specimens were tested. Finally, the wear rates of the counter-bodies were greater (4×) than those of the specimens, suggesting tribochemical effects [14] .
Open reservoirs of the solid lubricant inside the wear tracks after the sliding test were a common characteristic of all the specimens investigated. Hypothetically, this effect ensured a continuous re-supply of solid lubricants to the contact, thus constantly maintaining the system in the lubricious regime (μ < 0.2). The establishment of a protective tribolayer, which contained many randomly distributed cracks, probably originated by its spalling and destruction, was another important feature in almost all of the studied wear tracks. EDS micro-analysis of the tribolayers undoubtedly revealed a strong presence of oxygen and carbon when compared with the unworn surface [14] .
Peaks at approximately 1,360 and 1,590 cm −1 were identified in the Raman spectra of the tribolayers, as commonly found in carbonaceous materials [14] . The peak at 1,590 cm −1 was found for a carbon-based material that contained an sp 2 -hybridised carbon. The peak at approximately 1,360 cm −1 , the D band, was related to a disordered carbon [88, 89] . The hexagonal boron nitride also had a Raman band close to 1,360 cm −1 [90, 91] . Owing to the overlapping of the h-BN and D bands, Raman analysis of the tribolayer was rather complex. Indeed, it was difficult to establish whether the peak close to 1,360 cm −1 was due solely to h-BN or due to a contribution of a disordered graphite that originated during sliding. Moreover, low-intensity bands at lower frequencies (100-500 cm −1 ) were also found in the Raman spectra, possibly related to the presence of iron oxides [92] . The evolution of the contact resistance throughout the tests was another evidence of physico-chemical modifications during sliding [14] .
The behaviour of all specimens in the lubricious regime (μ < 0.2) was similar, as demonstrated in Fig. 14(a) . This figure depicts the typical evolutions of the friction coefficient and applied normal load with sliding distance in incremental load tests. The single-pressed/single-sintered specimens (SP-500 and SP-700) exhibited a lower and nearly equivalent scuffing resistance. On the other hand, the lubricious regime was longer for the DPDS specimen. The scuffing resistance of the composites was strongly influenced by the compaction step (Fig. 14(b) ). Increasing the compaction pressure for the SPSS specimens increased substantially the scuffing resistance (43%), whereas DPDS resulted in greater improvement in the durability of the tribolayer (60% to 130%).
Additional interrupted scuffing tests helped to further elucidate the creation and deterioration of the tribolayer ( Fig. 14(a) ). Stop A was associated with the establishment of the tribolayer, whereas stop B was connected with the final stages, e.g., after the breakdown of the lubricious regime ( > 0.20).
The wear tracks associated with stops A and B are illustrated in Figs. 15(a) and 15(b) , respectively.
At the beginning of the process (stop A), the tribolayer, indicated by arrows, had a smooth aspect and clearly originated in sites close to the lubricant reservoirs and then spread over the metallic matrix surface. After its collapse (stop B), the tribolayer was fragmented, with the generation of a large amount of debris (arrows). Furthermore, Raman spectroscopy ( Fig. 15(c) ) showed that the tribolayer was dissimilar in the two conditions. Under the conditions coupled with stop A, the spectrum only showed peaks relative to graphite, whereas the spectra for the conditions associated with stop B had, in addition, smaller bands at lower frequencies. The origin of these peaks can be attributed to the development of iron oxide by a tribochemical reaction with the surrounding atmosphere [14] . There was reasonable accordance of the peaks in the range between 225 and 650 cm −1 with those conventionally reported for iron oxide. The peaks at 290, 408, 497 and 607 cm −1 indicated the presence of hematite -Fe 2 O 3 , whereas the peak at 667 cm −1 was assigned to magnetite Fe 3 O 4 [93−95] .
The near surface of the transversal sections of the specimens exhibited an evidently strong difference in porosity (inserts in Fig. 16 ). DPDS specimens showed porosity values around 25%-32% lower when compared to SPSS specimens. German [96] reported that mechanical strength can increase by up to 20% when porosity reduces to 2%-3%. In fact, ultimate tensile strength has shown a linear relationship with porosity [14] .
The variation in scuffing resistance with porosity showed a similar relationship (Fig. 16) . It seems that scuffing resistance depended on the mechanical support provided by the matrix. Increasing the compaction pressure induced a diminution in porosity, which increased the mechanical properties. Ultimately, better mechanical support was achieved, increasing markedly the durability of the protective tribolayer and, therefore, the scuffing resistance.
The simultaneous addition of hBN and graphite induced an increase in the solid lubricant reservoirs homogeneously dispersed in the metallic matrix [83] . As expected, an increase in the solid lubricant reservoirs was observed when the total solid lubricant content increased, regardless of their solubility in the ferrous matrix. A reduction in the tensile strength was observed with an increase in the total solid lubricant content. In addition, a decrease in the ultimate tensile strength (UTS) within the three levels of the total solid lubricant was observed for increased volume percentages of hBN [83] . Solid lubricant reservoirs may be considered discontinuities in the metallic matrix and have a negative influence on the mechanical properties of sintered composites [2, 47, 61] . However, the use of graphite generates microstructural changes in which diffusion into the matrix may overcome the deleterious effect on the mechanical properties, but reduces the final amount of solid lubricant and compromises the tribological properties. Such metallurgical aspects, as the combined effect of graphite and hBN in the microstructural and tribological evolution of composites, are currently under investigation by our group. The presence of solid lubricant particles induced a complex evolution of the composite mechanical properties: a. Strengthening of the metallic matrix due to the solubility of solid lubricants into the metallic matrix, in particular carbon diffusion from graphite, increasing the mechanical resistance. b. Decreased mechanical resistance because of the solid lubricant particles, reducing the degree of continuity of the metallic matrix.
In the present case, it can be claimed that the reduction in continuity of the metallic matrix plays a dominant role. Typical etched composite microstructures, produced with 5 and 10 vol% of the total solid lubricant, can be observed in Fig. 17 , in which the specimen containing the highest amount of solid lubricant (Fig. 17(b) ) also possesses the higher amount of graphite.
All composites had an almost pearlitic matrix microstructure, with the presence of ferrite grains in the original location of pre-alloyed iron-silicon (Fe + 45 wt% Si) particles and proeutectoid cementite phases along the grain boundaries. The latter increased with the initial graphite content (Fig. 17(b) ). When composites are sintered above the ferrite-austenite transformation temperature, enhanced diffusion of carbon into the matrix is likely to occur, further improving the matrix mechanical properties by solid solution and precipitation hardening mechanisms [97, 98] . Figure 18 shows the typical friction coefficient evolution with the test time of the samples produced with 5, 7.5, and 10 vol% of the total solid lubricant content. The friction coefficient of the initial lower (2), and cementite (3). (a) 1 vol% hBN + 4 vol% C, (b) 1 vol% hBN + 9 vol% C, and (c) 2.5 vol% hBN + 7.5 vol% C (SEM) [83] . Fig. 18 Evolution of the friction coefficient with the test time, comparing the effect of the total solid lubricant amount (5, 7.5, and 10 vol%) and the effect of the hBN content (1 and 2.5 vol%). Incremental loading mode [83] .
solid lubricant content sample (1 vol% hBN + 4 vol% C) sharply increased at the very beginning of the test, presenting an almost inexistent lubricious regime.
The same behaviour was exhibited by other composites containing higher percentages of hBN, but a total content solid lubricant equal to 5 vol% (1.75 vol% hBN + 3.25 vol% C and 2.5 vol% hBN + 2.5 vol% C). For higher solid lubricant contents, all the specimens behaved in a comparable manner in the lubricious regime. On the other hand, the 7.5 vol% composite presented a slightly higher friction coefficient and shorter lubricious regime, whereas the 10 vol% specimens exhibited a longer period in the lubricious regime associated with a steadier and lower friction coefficient. The samples containing 10 vol% total solid lubricant content clearly exhibited a superior performance, and the best results were obtained when combined with a lower amount of hBN, e.g., 1 vol%.
In general, as the total percentage of solid lubricant increased, a substantial rise in the scuffing resistance was noticed. However, for the three levels of total solid lubricant examined, a decrease in the scuffing resistance was observed as the hBN content increased [83] .
The results of the additional scuffing resistance tests conducted and interrupted at 14 N, i.e., within the lubricious regime (μ < 0.2), showed that, typically, solid lubricant reservoirs remained open inside the wear tracks [83] . This, hypothetically, ensured a continuous re-supply of solid lubricant to the contact and, as a consequence, the formation of a tribolayer, which served to continuously maintain the system in the lubricious regime (μ < 0.2). It is reasonable to suppose that the wear debris from the specimens and counter-bodies was continuously comminuted, deformed and reacted with the surrounding atmosphere, forming a protective tribolayer. The tribolayer consisted of a mixture of solid lubricants possessing a lamellar structure that induced lower friction coefficients. The wear scar of the composite with a lower initial solid lubricant amount (1 vol% hBN + 6.5 vol% C) revealed a degradation of the tribolayer. For the sample 2.5 vol% hBN + 7.5 vol% C, the degradation was at an initial stage, whereas the composite with a higher initial solid lubricant amount (1 vol% hBN + 9 vol% C) showed no evidence of degradation of the tribolayer, in accordance with the scuffing resistance results [83] . The wear scars on the samples tested at a normal load of 35 N, with a friction coefficient higher than 0.2, which is beyond the lubricious regime for these conditions, showed a degradation of the tribolayer for all composites [83] . Figure 19 presents the typical Raman spectra obtained in the middle of the wear tracks of the composites, after the scuffing resistance tests were interrupted within the lubricious regime.
Typical microstructural analyses clearly showed three distinct regions, as shown in Fig. 19(a) (Fig. 19(b) ) is attributed to hBN [90, 91] , whereas the presence of graphite is confirmed by the characteristic peaks in Fig. 19(c) , at approximately 1,590 and 2,730 cm −1 [21, 89] . The grey region (2) corresponds to a mixture of the solid lubricants, as observed in Fig. 19(d) , which shows the simultaneous presence of graphite and hBN characteristic bands. In this sense, it is reasonable to suppose that this represents a typical tribolayer composition. The lighter region (3) corresponds to the matrix, as shown in Fig. 19(e) , in which the spectrum indicates a metallic material and the incipient presence of two small peaks related to carbon and/or hBN indicates their presence. Moreover, at low frequencies, there were low-intensity peaks that can be attributed to the formation of iron oxide by a tribo-chemical reaction with the surrounding atmosphere [94, 95] .
The microstructure of the self-lubricating composites used to study the joint effect of solid lubrication in a mixed lubrication regime had two different types of solid lubricant reservoirs regularly distributed in the metallic matrix, whereas, as already indicated, the metallic matrix varied from ferrite + pearlite to martensite (Mo containing alloys) and is well described in a recent paper [9] . As expected, the Mo-rich materials (martensitic) had higher hardness. The addition of solid lubricants did not result in a significant effect on the micro-hardness [9] . Figure 20 illustrates the evolution of the friction coefficient with the sliding distance and position in the stroke under dry conditions. For the matrix alloys (CM and PM), the friction coefficient showed a tendency to decrease with an increase in normal load. Additionally, it showed an increase at the dead centres of the movement. This difference between friction coefficients was discussed in terms of debris accumulation and change in the lubrication regime. A preponderant role was assigned to the accumulation of debris [9] . The self-lubricated composites showed a lower friction coefficient in the beginning of the test, and the friction coefficient grew continuously and gently as the test progressed (i.e., the normal force increased). For the P composite, the friction coefficient tended to increase more quickly. Additionally, for the C composite, it presented a marked tendency to increase at the dead centres of the movement. Figure 21 shows the lubricious regime durability under dry conditions. The solid lubricant addition strongly affected the durability of the lubricious regime. The durability increased by two orders of magnitude for the martensitic samples and an impressive three orders of magnitude for the ferrite-pearlite samples. When the self-lubricating composites were compared, despite its lower hardness (composite C; HV = 171 ± 57), the ferrite-perlite matrix exhibited a lubricious regime durability (LRD) approximately one order of magnitude larger than the martensitic structure (composite P; HV = 298 ± 38).
It is reasonable to suppose that the lower hardness of the ferrite-perlite matrix led to higher wear during the lubricious regime, as confirmed by the width of the wear scars presented in Fig. 22 (red arrows) and confirmed by the wear scars profiles [9] . The figure also shows the presence of the active reservoirs of solid lubricants within the wear scars in both samples, as indicated by the green arrows. Higher wear produced a higher amount of wear debris, which, in turn, left the contact richer in solid lubricant. Indeed, the wear scar of composite C (Fig. 22(b) ) exhibited a more evident and well-formed tribolayer, shown by the blue arrows, which was much less evident for the case of composite P (Fig. 22(c) ). This may result in a low friction coefficient over a longer period, thus increasing the lubricious regime durability. The presence of tribolayers was even less intense for the matrix alloys, probably because of the absence of solid lubricants in the composition of the matrix alloys (Figs. 22(c) and 22(d) ).
SEM-EDX analysis showed that the wear scars formed in the self-lubricating composites were quite equivalent in nature, composed mainly of iron and oxygen. Despite the differences in the prevalence of the tribolayers, they indicate the formation of iron oxide by tribochemical reactions caused by the surrounding atmosphere. The solid lubricant reservoirs were composed, as expected, of graphite and hexagonal boron nitride. In addition, the chemical composition of the tribolayers present in the matrix alloys was different from those present in the self-lubricating composites. In fact, analyses by EDX [99] showed that these tribolayers were rich in oxygen, indicating the formation of iron oxide produced by interactions with the surrounding atmosphere. They also had a small amount of chromium, probably from more severe interactions with the counter body (steel AISI 52100). Figure 23 illustrates the evolution of the friction coefficient with the sliding distance and position in the stroke for the self-lubricated composites in all conditions.
The addition of liquid lubricant to the contact drastically changed the LRD. Indeed, the presence of the lubricant governed the phenomenon. Once again, for the ferrite-pearlite composites, friction coefficient showed a tendency to significantly increase at the dead centres. Figure 24 compares the LRD for all conditions. The LRD for the lubricated mode was almost equivalent for all studied materials and was approximately one order of magnitude greater than that |www.Springer.com/journal/40544 | Friction http://friction.tsinghuajournals.com of composite C under dry conditions, two orders of magnitude higher than that of composite P and three orders of magnitude greater than that of the CM and PM alloys. 
Concluding remarks
We present a synthesis of previous works, presenting and discussing the most important results produced by an ongoing research program towards the development of innovative, low-cost, self-lubricating composites with a low friction coefficient associated with high mechanical strength and wear resistance. The results clearly showed the great tailoring capability of the proposed microstructural model/processing routes applied to the development of iron-based selflubricating composites.
Moreover, the optimized processing parameters produced, for all compaction techniques, outstanding new iron-based composites, as illustrated in Table 2 . 
